For a national metrology laboratory and holder of national standard for length, capability of performing gauge block calibration by mechanical comparison with lowest possible uncertainty is of highest importance. Uncertainty of gauge block calibration at national metrology laboratory namely enters budgets of uncertainty evaluation of all industrial length calibration laboratories throughout the country. In present paper the uncertainty budget of mechanical calibration of gauge blocks, as a results of extensive analytical and experimental research, is presented in details. Very low measurement uncertainty was achieved and procedure was accredited and entered as Calibration and measurement capability (CMC) into the key comparison database at BIPM.
Introduction
Gauge blocks are being calibrated by two methods: interferometric calibration and calibration by mechanical comparison to reference gauge block. While interferometric method represents primary level, comparison is more suitable for calibrating industrial gauge blocks because of lower costs and shorter calibration time. Although no significant changes in equipment happened in last decade, improvements in mechanical comparison are on-going [1] . A short review of the Calibration and Measurement capabilities (CMC) [2] shows that the ratio between highand low-end uncertainties in mechanical calibration is approx. 1:3. That indicates the potential for further improvement in lowering the uncertainty.
Especially for national metrology laboratories, not performing interferometric gauge block calibration, capability of performing gauge block calibration by mechanical comparison with lowest possible uncertainty is of highest importance [3] . Uncertainty of gauge block calibration at national metrology laboratory namely enters budgets of uncertainty evaluation of all industrial length calibration laboratories throughout the country.
Calibration laboratory as a holder of a national standard
As a part of distributed system of national measurement standards, Laboratory for Production Measurement (LTM) at the Faculty for mechanical engineering, University of Maribor, is maintaining the national standard for length since 1998. Since the uncertainty of measurement in calibrations performed in LTM enters into the uncertainty budgets of calibration laboratories throughout the country, the uncertainty minimization is one of our highest ranked fields of research.
National standard for length in Slovenia comprise of 122-piece set of steel gauge blocks, ranging from 0,5 mm to 125 mm and some additional steel gauge blocks of length up to 1000 mm. These gauge blocks will be referred to as reference gauge blocks.
Reference gauge blocks are calibrated externally in European highest rank metrological institution by primary standard. In the case of length that is interferometric method.
Length standard: gauge block
Gauge blocks are most accurate standards of length and an important basis of industrial length measurements, as well as the most important and commonly used measurement standards for maintaining traceability in dimensional metrology [4] . They provide industry with reliable and traceable standards of length.
Gauge blocks are defined in standard ISO 3650 (1998) [5] . Gauge block is length standard of rectangular shape, made of wearing resistant material. It comprises of pair of flat, mutually parallel measurement surfaces, which can be wrung to measurement surfaces of other gauge blocks and herewith joined (see Fig. 1 ). Gauge block can also be wrung onto wringing plate with similar surface quality, what is used at interferometric length measurement. Depending of gauge block length, two different dimensions of measuring surfaces exist (see Table 1 ). On a gauge block, nominal dimension, name or sign of the manufacturer and identification number are marked. Gauge blocks of dimension L < 6 mm are marked on the measuring surfaces, as shown in Fig. 1 . 4. Calibration of gauge blocks by mechanical comparison
Preparation for calibration
Before calibration, gauge blocks must be carefully cleaned and stored in the microclimatic chamber for at least 24 hours in order to get right temperature [6] . Microclimatic conditions should be stabile temperature in the range of (20±0.3) °C, actual temperature in the moment of probing enters into the measuring programme in order to calculate the temperature expansion correction.
Performing the measurement
The measurement is supported by software, provided by comparator's manufacturer. In accordance with [5] , for the highest level measurements five points are measured. The procedure is divided in the following steps [7] :
Start of the measuring program, entering measured temperature value; Measurement of the midpoint of the gauge block A; resetting a display to 0.00 μm; Moving the gauge blocks to measure the central point of the gauge block B (measuring point No. 1 -see Fig. 1 ). The point should be probed at least three times; Measurements in the points 2, 3, 4 and 5. Each point should be probed at least three times, Repeated measurement in the midpoint of the gauge block A: results of repeated measurements should lie in the tolerance of 0,02 μm (otherwise the measurement is not valid and must be repeated).
Evaluation of measurement results

Correction of thermal expansion
If gauge blocks A and B are made of equal materials, the expansions caused by temperature deviation Δt (reference temperature is 20 °C) are equal. Therefore, a temperature expansion correction is not calculated.
Calculation of the gauge block's deviation from the nominal value
Mean value (indication) of the gauge block A:
Difference between lengths of gauge blocks A and B in the measuring point x:
Deviation of the gauge block B from the nominal value in the measuring point at 20 °C:
where:
(dev)B x -indicated value in the measuring point x; (dev)A -deviation of the gauge block A from the nominal value in point 1 (the value determined by calibration of the reference gauge blocks).
Measurement uncertainty analysis
Calibration uncertainty analysis follows ISO Guide to the expression of uncertainty in measurement [8] , as well as European Accreditation publication Expressions of the Uncertainty of Measurements in Calibration [9] .
Mathematical model of the measurement
The length L x of the gauge block being calibrated is given by the expression:
) ( -average of thermal expansion coefficients; t s -temperature of the reference gauge block; t x -temperature of the measured gauge block; δt -temperature difference between both gauge blocks; δL V -correction for non-central contacting of the measuring faces of the measured gauge block.
Standard uncertainties of the input values estimations for calculating the combined standard uncertainty
Combined standard uncertainty is expressed by the uncertainties of the input values by the following equation: 
Uncertainty of the reference standard length u(L s )
The uncertainty of the reference gauge block calibration is given in the calibration certificate of the set of gauge blocks as 
Uncertainty caused by the drift of the standard u(δL D )
The temporal drift of the length of the reference gauge block is estimated from previous calibrations to be zero with limits ±0,2 10 -6 L for the recalibration period of two years. General experience with gauge blocks of this type suggests that zero drift is most probable and that a triangular probability distribution can be assumed.
Standard uncertainty is therefore:
Uncertainty of the observed difference in length between the measured and the reference GB u(δL)
The measured difference can be expressed by the equation:
δL -observed difference in length; r -reading; e s -offset of the comparator, as observed during calibration.
The uncertainty of the observed difference in length is therefore:
The uncertainty of the reading can be expressed from the known interval in which the result is rounded. The comparator resolution is 10 nm, therefore the interval of rounding is 5 nm. Since the distribution is rectangular, the standard uncertainty is:
The uncertainty of the offset evaluation is stated in the calibration report. The comparator was calibrated inhouse. The uncertainty of the calibration is:
This formula can be expressed in quadratic form by considering the uncertainties on the lower and the upper measurement range limits (0,5 mm and 100 mm):
Total uncertainty of the observed difference in length is:
The offset itself is not corrected during calibration of the gauge blocks, but is not allowed to exceed the resolution during the calibration of the comparator (in such case the probes should be tested and replaced if necessary).
Uncertainty of the correction for non-linearity of the comparator u(δL c )
Taking into account the tolerances of the grade 0 measured gauge block and the grade K reference gauge block, the maximum length difference will be within ±1,8 μm, leading to unidentifiable limits for the non-linearity of the comparator used [10] .
Uncertainty of temperature expansion coefficient u( )
Experience values 0,5 10 -6 C -1 and rectangular distribution (equal possibility over the entire interval) are assumed. Standard uncertainty is therefore:
Uncertainty of temperature difference between the unknown and reference gauge blocks u( t)
Concerning the temperature measurements in the entire measuring space it can be assumed that the difference in temperatures of GBs lies with an equal probability in an interval ±0,02 C. The standard uncertainty is therefore:
Uncertainty of temperature expansion coefficient difference u( )
Interval of the difference is assumed according to the uncertainties of separate coefficients. It is 1 10-6 C-1. Standard uncertainty at supposed triangular distribution is therefore:
Uncertainty of the deviation of GBs average temperature from the reference temperature u( t )
Uncertainty of the temperature measurement system u( 1 ) The calibration certificate gives an uncertainty of U = 5 mK with k = 2. Standard uncertainty is therefore:
Uncertainty because of the difference between the table temperature and the GBs mean temperature The difference between the table temperature and GBs mean temperature, as calculated from 80 measurements, was 0,025 C with the standard deviation of 0.022 C. This difference is assumed to be a random error and contributes to the uncertainty. The total uncertainty is:
Uncertainty caused by temperature variation The temperature is recorded every two hours. Therefore, variations in an interval of two hours were calculated from 24 measurements and were found to be 0,06 C. Since these variations were cyclic, U-shaped distribution was used to calculate the standard uncertainty:
Total uncertainty u( t )
Uncertainty of the correction for non-central contacting of the measuring faces of the measured GB u(δL V )
For gauge blocks of grade 0, the variation in length determined from measurements at the centre and the four corners has to be within ±0,12 μm [5] . Assuming that this variation occurs on the measuring faces along the short edge of length 9 mm and that the central length is measured inside a circle of radius 0,5 mm, the deviation due to central misalignment of the contacting point is estimated to be within an interval of ±7 nm. Standard uncertainty at supposed rectangular distribution is therefore:
Combined and extended standard uncertainty of the measurement
According to (7) , combined standard uncertainty of the measurement was calculated to be:
Rounded expanded uncertainty of the measurement at k = 2 is therefore:
Conclusion
Gauge block calibration by mechanical comparison, as a secondary option for highest-level gauge blocks calibration, is inferior to interferometric only in increased uncertainty of the results. However, its instrumentation is less expensive and its procedure much simpler and faster, that is why it is widely used in calibration laboratories throughout the engineering industry. As a national metrology laboratory for length, not performing interferometric gauge block calibration, our goal was achieving the lowest possible uncertainty of mechanical calibration of gauge blocks.
After extensive experimental research, as well as thorough analytical approach, we succeeded in minimizing calibration uncertainty for the case of comparison of same materials. Procedure was already successfully accredited and entered as additional Calibration and measurement capability (CMC) into the key comparison database at BIPM [2] . Next research step is minimizing the calibration uncertainty of gauge block comparison of dissimilar materials.
